The implementation of a microfluidic 'detector cell' is presented, which integrates a nanofabricated chemiresistor (CR) array with monolithic CMOS baseline cancellation circuitry and a microfluidic chamber for use in a micro-scale gas chromatograph (mGC). A robust packaging method was developed to facilitate a microfluidic interface between the detector cell and external mGC components while also reducing dead volume and the sorbence of sample vapours. The efficacy of the integrated detector cell was elucidated by consistent chip responses taken from a 4 × 2 CR array fabricated on the silicon dioxide surface of a custom-designed CMOS readout chip.
1. Introduction: Gas chromatography (GC) technology allows for rapid separation of components in a gas/vapour mixture for subsequent classification or quantification, and thus is a very important analytical tool for applications in environmental monitoring, military surveillance and healthcare diagnostics. However, conventional GCs that accomplish this can be large, fragile, expensive and have high power consumption [1] . Therefore research in holistic GC miniaturisation and integration is highly incentivised.
A micro-scale gas chromatograph (mGC) platform typically has three major subunits: an injector that pumps samples into the instrument, a separation column for spatial partitioning of chemicals via diffusion and a detector for producing a measureable electronic response to the target analytes introduced to the system (Fig. 1) . In a mGC the target analytes are gathered in the preconcentrator and then injected into a diffusion column. As these compounds traverse the column they are eluted at different rates [1] . Without the injector and separation column the detector cell would not be able to differentiate between the signals corresponding to different gases; however, because of the preconcentrator and diffusion column the identity of each compound can be determined based on its retention time. This modularity allows the mGC to be reused with different vapour sensors without changing the configuration of the injector or separation column. Over the past decade, miniaturisation and integration of preconcentration, separation, interconnection and sensor detection steps have been primary instigators behind the design of mGCs. This has led to the creation of portable systems which can be used for near-real-time detection of vapours in the sub-parts-per-billion range [2] . However, without a suitable packaging methodology to seal and mount the detector to interface with the mGC, further system miniaturisation and the robustness of the platform may be compromised.
Many modern chip packaging technologies of this area have focused on creating microchannels through micromachining on the surface of the detector chip [3] . Another popular packaging solution is the moulding of polymers like polydimethylsiloxane (PDMS) for device sealing. Despite their benefits, these approaches are specific to particular chip layouts, dimensions and properties. Especially for small chips where a relatively large area of the surface is taken by CMOS instrumentation, patterning on-chip features for the creation of microfluidic channels can be cumbersome. In addition, PDMS can lead to the sorption of target analytes [4] and a loss of accuracy particularly when the mGC is dedicated to the detection of low levels of volatile organic compounds. To address these challenges, we implemented a microfluidic-packaged 'detector cell' where a microfluidic channel and capillaries were integrated with a nano-scale chemiresistor (CR) array onto a CMOS readout chip by an adaptive chip packaging methodology.
These features of the 'detector cell' improve upon a traditional mGC MEMS sensor device in the following ways. First, through integrating the CR array with CMOS instrumentation electronics monolithically, various noise and error sources can be eliminated without heavily increasing power consumption of the mGC or its size [5] . Secondly, the detector cell utilises a packaging methodology that is inexpensive, robust, minimises dead volume and is adaptable to future changes in the chip layout of the detection sensor. Finally, our post-fabrication integration approach utilises non-sorbent materials to prevent the sorption of target analytes. The benefits of the design of this 'detector cell' are further elucidated throughout this work.
Design of detector cell:
In the design of the integrated microfluidic detector cell, a central motivation is to achieve an optimal environment for the miniaturised gas detection chips. Factors, such as turbulence and vapour sorption, must be minimised to achieve a rapid, accurate reading of the vapour analyses; however, ease of fabrication and assembly are factors that must also be considered. To accomplish these goals, we proposed a post-fabrication integration approach (Fig. 2) . At the heart of this design of the detector cell, a pre-fabricated monolithic CR array chip was mounted on a silicon 'extension carrier' (EC). The EC serves to secure the chip in an adjacent position to the upstream and downstream capillaries as well as to increase the contact surface area for the microfluidic channel assembly. A microfluidic chamber was fabricated separately and sealed over the CR array using non-sorbent epoxy. Figure 1 Typical configuration for mGC systems in which gas is injected into the system and then subsequently separated via a micro-scale diffusion column 3. On-chip nano-scale CR array: CR sensors utilising thiolatemonolayer-protected gold nanoparticles (MPNs) have been studied extensively for the application of vapour sensing [6] [7] [8] , as they are simple to fabricate, scalable and offer low detection limits [9] [10] [11] . However, one major shortcoming of MPN-coated CRs is that their baseline resistance (R b ) can obscure the true sensor response (DR), because of extremely low concentration of target vapours in applications. Furthermore, R b varies widely from sensor to sensor because of fabrication process variation. To acquire DR/R b with high resolution and wide dynamic range, a baseline resistance cancellation approach that subtracts R b from the total CR resistance and digitises the DR portion was adapted and implemented by an eight-channel readout integrated circuit (IC) chip containing a subtraction and gain block, a wide-range programmable exponential current bias, an 8-bit DAC for analogue memory and a digital communication and control circuit. Details of this circuit design were reported elsewhere [5] .
The MPN-coated CR array was monolithically fabricated on the SiO 2 surface of the baseline cancellation circuit to minimise instrumental and environmental interferences. To facilitate the on-chip CR array fabrication and microfluidic package implementation, the readout circuit was laid out carefully with all necessary considerations. Specifically, the CR array region was separated apart from the peripheral circuitry to avoid damage to circuitry from post-CMOS electron beam (e-beam) patterning. A continuous metal layer was buried beneath the array region to planarise the chip surface, which improves the reliability of electrode patterning and metal lead routing. The CR array was placed in the middle of the chip to provide sufficient surface area for the assembly of a microfluidic vapour chamber over the chip. Wirebonded pads on only one side of the chip were used in data acquisition step, which also facilitates chamber mounting. The layout floor plan is highlighted in Fig. 3a die photograph. The eight-channel CRarray readout IC chip was fabricated in AMI 0.5 mm CMOS process with an overall area of 2.2 × 2.2 mm 2 . The CR sensor array in this work consisted of a 4 × 2 array of interdigitated electrodes (IDEs) with a 75 × 75 mm 2 active area and a spacing of 200 mm. Each IDE comprised 62 gold electrode pairs with 300 nm width and spacing. These IDEs were fabricated via e-beam lithography, followed by liftoff patterning of evaporated metal consisting of a 50 Å titanium adhesion layer and a 600 Å gold layer. The IDEs were connected to the readout circuit via 20 × 20 mm 2 contact pads with a layer of 100 Å titanium and 1000 Å gold. A solution of gold nanoparticles with ligands of 1-octanethiol (C8) and 1-mercapto-6-phenoxyhexane (OPH) suspended in toluene was then coated onto the electrodes via a Microfab Jetlab 4 microdispensing system. These MPNs were synthesised via the Rowe method as described in [12] .
In this process we expect the coating of the nanoparticles to be non-uniform which can potentially affect sensor performance.
Owing to variability in the fabrication process, the baseline can be vastly different from sensor to sensor. However, through our baseline cancellation circuitry we were able to produce a normalised response to the target analytes regardless of fabrication variance. Once the baseline has been normalised we can expect a response proportional to the analyte concentration (Fig. 3b) .
Before microfluidic packaging, the fabricated CR array was exposed to toluene at concentrations ranging from 380 to 918 ppm to verify the array functionality as well as to demonstrate the baseline cancellation of the CMOS readout circuit. As shown in Fig. 3b , the baseline cancellation circuitry greatly distinguishes the resistance change because of the target vapours from the magnitudes higher than R b .
4. Chip-level microfluidic packaging: Pursuing a packaging methodology which creates a microfluidic chamber over the CR array is desirable for reducing dead volume and thereby increasing the accuracy of gas sample detection. However, with post-fabrication packaging integration come issues of alignment, CR contamination, proper sealing and interference with wirebonding machinery. The approach mentioned here circumvents these hazards to allow for simple hand assembly even with diminutive chip layout dimensions. The main components used in our chip packaging include the silicon EC, the glass lid and the upstream/ downstream capillary tubes.
To fabricate the EC, AZ 4620 photoresist was spun and patterned on a 500 mm thick double-side polished silicon wafer. The wafer then underwent a deep reactive ion etching to a depth of 330 mm, matching the thickness of the chips that will be mounted inside the EC's cavity. The primary features of the EC are the 2.2 × 3.1 mm 2 cavity in the centre of the EC and the two capillary trenches that extend outward from the chip cavity (Fig. 4a) . Although the configuration of the surface features on this device is simple, they allow for robust assembly and a wide variation in sensor chip design in a number of ways. In the chip cavity, the width was set to be longer than the sensor chips by 900 mm, which allows for adjustment in capillary trench alignment with the CR array depending on where the CR array is located on the chip. In addition, this permits variation in chip width beyond the 2.2 × 2.2 mm 2 chips which are used primarily in this work. Although the length of the cavity does not allow for any chips longer than 2.2 mm, ECs can be diced in half to accommodate for this situation. In this situation, the seal of the device is not compromised, so long as the bottom of the chip is sufficiently covered with adhesive at the interface of the capillary trench and cavity.
The capillary trenches serve to mount the upstream/downstream capillary tubes adjacent to the sensor chip to later be sealed together with the glass lid, thereby creating a microfluidic chamber over the CR array. To prevent the capillaries from advancing into the microfluidic chamber, a 'stop' was designed at the ends of the capillary trenches, also inhibiting the general shifting of the capillary tubes during the adhesive curing process. This stop narrows the trench from 380 mm (matching the outer diameter of the capillaries used) to 100 mm, which allows for the aforementioned stable mounting of the capillaries without significantly impeding their flow (capillary inner diameter 150 mm in diameter).
The second major component of chip packaging is the glass lid (Fig. 4b) , which serves to create a sealed microfluidic chamber over the CR array and the openings of the capillaries. The lids were designed to be flexible to variation in chip layout as a variety of inner chamber dimensions (1.2-2.2 mm in length and 500-600 mm in width) can be mass produced on a single wafer. The lids were made from isotropically etched soda lime glass wafers. In the fabrication process, amorphous silicon was deposited onto both sides of the wafer, followed by coating and patterning 1813 positive photoresist on one side of the wafer as a mask. The amorphous silicon was then selectively removed via reactive ion etching to expose the microfluidic chamber region. The wafer was etched to a depth of 50 mm in a bath of buffered HF, with a controllable surface roughness of less than 30 nm. Finally, the excess amorphous silicon was completely cleaned off of the wafer and the lids were diced.
Assembly of the detector cell involves several steps: (i) cavity of EC was coated in epoxy, chip was then placed in cavity and aligned such that the CR array was in line with the capillary trenches; (ii) capillary tubes were mounted in the EC trenches with a light coating of epoxy; (iii) the current assembly was sealed onto a header and the chip was then wirebonded; (iv) bottom edges of Figure 4 Chip-level microfluidic packaging key features a Fabricated silicon EC with a chip cavity and capillary trench. Trench has a tapered 'stop' which prevents the movement of the capillary tubes b Fabricated glass lids which form a microfluidic channel over the surface of the chip Figure 6 Vapour sensing response a Representative detector cell mounted on a header and PCB undergoing testing b Mean response to acetone, ethanol, n-heptane and toluene after five tests. Inset shows the response of Agilent 7890A for reference c Plot of the standard deviation of the five tests. Peaks preceding and following acetone peak owing to slight timing variation d Table summarises the sensor responses to acetone over five replicates Figure 5 Assembly and leak detection testing of detector cell a Example of the microfluidic-packaged detector cell b Packaging is tested for leaks using an helium leak detector lid were lightly coated in epoxy and placed over the CR array forming a microfluidic chamber between the upstream and downstream capillaries; and (v) detector cell was tested for leaks (Section 5) and more epoxy was applied if leaks were present.
Before testing the chip response upon exposure to vapour, the integrated detector cell must undergo a leak detection test (Fig. 5) to validate the sealing performance of the packaging. If the device is known to have leaks, concentration readings may be inaccurate, although this situation can easily be avoided by the straightforward diagnosis and remedy of existing leaks. To diagnose leaks, a helium detection unit is used to sweep over the detector cell and probe for helium which is sent through the instream capillary. If leaks are present they are typically located at the interface between the components of the detector cell, the lid, EC and capillary tubes. To remedy these leaks, most often only a small amount of additional adhesive needs to be applied to the compromised area.
Vapour sensing response:
To demonstrate the efficacy of the microfluidic-packaged detector cell for facilitating proper gas detection, 0.25 ml vapour mixture of acetone, ethanol, n-heptane and toluene was sent through the device at concentrations ranging from 200 to 500 ppm. Samples were applied through a 0.25 mm inner diameter capillary tube connected to the inlet of the packaged detector cell, at a constant flow rate of 1.2 lmin (Fig. 6a) . This was completed with an Agilent 7890A bench-scale GC with a temperature of 30 8C in its central chamber. For the purposes of isolating and testing the detector cell, the bench-scale GC replaces the functionality of the microdiffusion column and preconcentrator by eluting gases at different rates; however, the detector cell can easily be attached to these components to create a complete mGC.
As shown in Fig. 6b the CR response varies with the physical characteristics and concentration of the vapour in question. In addition, each of the vapours has a characteristic retention time allowing distinct characterisation of a wide variety of chemical compounds. The values of peak area and full-width at halfmaximum (FWHM) were highly reproducible. Acetone, for instance, which gave the largest peak, maintained an average peak area of 0.89 + 0.08 V and an average FWHM of 1.18 + 0.07 s.
Conclusions:
This work presents the design of a detector cell for applications in a mGC. Through the monolithic integration of CMOS baseline cancellation, sensor output from the MPN coated CR array is conditioned in real time. The post-fabrication packaging methodology reported here allows for precise and adaptive hand assembly of a microfluidic chamber over the surface of the CR array, which results in minimised dead volume and a reduction in necessary sample concentration. Testing of the detector cell reveals the packaging methodology to be resilient to forming leaks, and straightforward in repairing existing leaks. Evaluation of the chip output to various concentrations of toluene reveals that the true sensor response, DR, is accentuated by the baseline cancellation circuitry. Injecting multiple vapour compounds through the detector cell elucidates the chip response to differing chemical structures and demonstrates the reliability of the microfluidic-packaged device in reproducing peaks.
